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AFQSR 77-3258 Terrill A. Cool

I. SUMMARY OF COMPLETED RESEARCH
Two different types of chemically reactive systems of potential
interest for the development of electronic transition chemical lasers
were studied in detail under this Grant.

Chemiluminescence from Yttrium and Scandium Halides

The major effort undertaken was a thorough spectroscopic study of
the products of reactions of yttrium and scandium atoms with halogen mole-
cules. These studies have shown that chemiluminescence for these reaction
systems does not originate from electronically excited monohalide molecules
as suggested by previous investigators, but instead arises from electron-
ically excited metal dihalide molecules, MX,*. Production of the metal
dihalides appears to require the formation of vibrationally excited metal
monchalides, MXT, in a precursor reaction. Radiative lifetime measurements
were made for the chemiluminescent MX,* bands and kinetic studies of the
M/X2 reaction systems were performed with emphasis on the Y/C%, system.

Excitation spectra from the monohalides of yttrium and scandium were
recorded with the laser-induced fluorescence method. Spectroscopic con-
stants and radiative lifetimes were determined for several previously
unobserved electronic states. Computer generated spectral simulations
were used for the determination of the spectroscopic constants and Franck-
Condon factors associated with the fluorescence band systems. A detailed
discussion of the studies of the Y/F,, Y/Cls, Y/Br,, Y/1s, Sc/Fs, Sc/Cls,
Sc/Bry, and Sc/I, systems appear in Sections II and III of this report.

Chemiluminescence from PH3/N,0 Mixtures

An evaluation of the chemiluminescence from chemical reactions
initiated in PH3/N;0 mixtures was performed. It was established that con-
tinuum radiation emitted over the wavelength range from 320 to 1600 nm was
likely to originate from electronically excited (P0),* exciplex molecules
formed from chemically produced metastable PO(*Il) molecules. Photon yield
measurements for the chemiluminescence showed that the photon yield for the
320-900 nm range varied linearly with reagent pressure. The photon yield
at 660 Torr was 0.02%, a value probably too low to be of chemical interest.
Intracavity absorption/gain measurements performed with a tunable dye laser
revealed that the majority of the visible emission is a true continuum
indicative of transitions to an unbound lower state. No detectable absorp-
tion or amplification associated with the continuum emission was observed.
An evaluation of the sensitivity of the intracavity absorption technique
permitted an estimate of the maximum possible density of absarbers of no
more than 10}3/cm®. The gain, if present, was too low to support laser
oscillations.

A detailed summary of the studies of chemiluminescence from the
PHy/N,0 reaction system is presented in Section IV of this report.
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SPECTROSCOPIC STUDIES OF THE PRODUCTS OF REACTIONS OF
YTTRIUM AND SCANDIUM ATOMS WITH HALOGEN MOLECULES.
I. THE ORIGIN OF CHEMILUMINESCENCE

Howard C. Brayman, David R. Fischell and Terrill A. Cool

School of Applied and Engineering Physics
Cornell University
Ithaca, New York 14853

*This section constitutes a paper submitted to the Journal of Chemical
Physics.




SPECTROSCOPIC STUDIES OF THE PRODUCTS OF REACTIONS OF
YTTRIUM AND SCANDIUM ATOMS WITH HALOGEN MOLECULES.
[. THE ORIGIN QF CHEMILUMINESCENCE*

Howard C. Brayman, David R. Fischell and Terrill A. Cool
School of Applied and Engineering Physics

Cornell University
Ithaca, New York 14853

ABSfRACT

Observations of laser induced fluorescence from the products of the
reactions of yttrium and scandium atoms with halogen molecules have shown
that chemiluminescence does not originate from electronically excited
metal monohalide molecules as previcusly suggested, but instead arises
from electronically excited dihalide molecules, MX;*. Production of the
metal dihalides appears to require the formation of vibrationally excited
metal monohalides, fo, in a precursor reaction. Radiative 1ifetime

measurements for chemiluminescent bands are presented.

<

*Supported by the Air Force Office of Scientific Research under Grant
AFOSR 77-3238.




I. INTRODUCTION

Recent studies have been reported of the chemiluminescence produced
in reactions between yttrium and scandium atoms and halogen molecu]es.]
In contrast to the chemiluminescences observed from other metal atom-
oxidizer combinations which criginate from band systems with wavelengths
ranging extensively throughout the visible spectrum,2 the chemiluminescences
associated with these reactions are selectively confined to relatively narrcw

1

2
(100-200 A) wavelength intervals in the blue spectral region.' In the

Sc/F; and Y/C2, systems the photon yield associatad with this selective

emission feature was reported to be relatively high, exceeding a few percent
of the total reaction probabi]ity.] The aorigin of these chemiluminescences
has been ascribed to electronic transitions in electronically excited

i yttrium or scandium monohalide molecules, MX*, formed in the reactions1

M+ X; = MX* + X (1)

where M = Sc or Y, and X = F, C&, or Br, although the observed selective
chemiluminescent features do not correspond to any presently known band
systems in these molecules. Indeed the absence of emission from the several
known band systems in these molacules, energetically accessible via reactions
(1), is in remarkable contrast to prior expectations of the cnemiluminescence
associated with a statistical distribution of energy among the product

b states of reactions (1).

In the studies reported here it has been found that the chemiluminescences
do not originate from yttrium or scandium monohalides formed from reactions (1),
but instead arise from electronically excited dihalide molecules MX,*

formed in a subsequent chemical reaction. A likely candidate for this




Y=

reaction is

mx’

X o MK* + X, (2) if

where MX* denotes vibrationally hot molecules formed in the reaction between
M and X;.

Laser induced fluorescence (LIF) methods have been used here for measure-
ments of the radiative lifetimes associated with the chemiluminescent electronic
band systems in YCl,, YBr,, YC2Br, and YI, molecules. LIF techniques have ?5
also been employed to obtain excitation spectra and radiative lifetimes for
several new band systems in the yttrium and scandium monchalides. Spectro-
scopic constants and Franck-Condon factors are summarized for the observed 5
band systems in the following paper,3 hereafter refarred to as II. a
IT. EXPERIMENTAL APPARATUS ; J

The experimental apparatus was designed to provide a convenient means
for the vaporization of yttrium or scandium and a reaction zone for the %i
observations of chemiluminescence and laser induced fluorsscence from products
of reactions between yttrium or scandium and halagen molecules {(F,, C2,, 8rs,
I,). Detailed descriptions of apparatus and techniques appear in refs. 4 and 5. |
An effusive flow of yttrium or scandium vapor was provided by the oven system
shown in Fig. 1. A commercially available electrically heated graphite

oven, Astro Industries, model 1000-2560-PP, was modified to accompiish 1

the experimental objectives. A major change was the installation of an

oven liner to separate the interior hot zone from the surrounding graphite

heat shields and heating elements. This cylindrical liner was made of
either pure tantalum, or a 90% tantalum/10% tungsten alloy of 1.5 mm

thickness. The liner served to protect the graphite oven components from

the effects of the yttrium, scandium and halogen gases. The liner also
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provided for the containment of the effusive flow of either yttrium or
scandium from a ca. 2250°K tantalum crucible without contamination from
degassing of the graphite oven components. This inner liner was connected
directly to the reaction chamber as illustrated in Fig. 1. The liner had
an inside diameter of 3.8 cm and a length of 28 cm. A background pressure
of less than 10'5 Torr at operating temperature was readily achieved within
the reaction chamber and oven liner. The surrounding graphite oven was
purged with helium and maintained at a pressure of about 0.10 Torr by means
of a separate oven pumping system. Measurements of the pressure within
the reaction chamber were made with an ionization gauge (for pressures
below 10'3 Torr), or a thermocouple gauge (for pressures above 10'3 Torr).
Temperature estimates of the tantalum liner were made with an optical
pyrometer sighted through the oven view port shown in Fig. 1. Typically
the oven was run at about 2000°K for scandium and 2250°K for yttrium.
These temperatures provided vapor pressures of about 0.7 Torr within the
tantalum crucib‘.e.6
The reaction chamber was a water cooled stainless steel tube, 14 cm
long with a 12 c¢m inside aiameter. The chamber was fitted with four view
ports. Two ports pgrovided access for the optical axis of a dye laser used
to excite LIF; a third port at right angles to these was used for viewing
fluorescence and chemiluminescence; the fourth port was used for occasional
monitoring of the reaction flame intensity and provided access for injec-
tion of the halogen gases into the reaction zone. Collimating tubes of
18 c¢m length with internal apertures were installed on both laser ports

to minimize laser scattering. Additional measures to reduce scattered

Tight included the use of an internally threaded beam stop on the laser

—
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exit port and use of a stainless steel cone to define the optical cone for
collection of the LIF. All view ports were purged with small flows of
helium to prevent fogging by condensed particles. The optical layout is
shown schematically in Fig. 2.

Three types of injectors were used for introduction of the halogen
gases to the reaction chamber. The first of these, used primarily for
preliminary studies of the Y + C2, reaction system, consisted of a single
water-cooled copper tube of 0.023 ¢m i.d. The tube was pointed downstream
with its exit 0.28 cm below the optical axis. A better injector which
gave a more uniform density of halogen gas in the reaction chamber consistad
of ten 0.04 cm diameter holes, equally spaced around the inner circumference
of a ring flange of 7.5 cm i.d. located at the bottom of the reaction
chamber, 3 cm below the optical axis. For studies of the reactions with
jodine a third injector was built because the water cooling of the first
two types caused clogging to occur. It consisted of a single uncooled
stainless steel tube pointed deownstream with its exit 0.7 cm below the
optical axis. The iodine reservoir was maintained at 100°C to provide an
jodine vapor pressure of 65 Torr. The iodine metering valve and connecting
lines were heated to prevent condensation.

The flow pumping system for the reaction chamber consisted of a
425 2/min roughing pump, a 10 cm oil diffusion pump and a liquid-nitrogen-
cooled activated charcoal cryotrap.7

Laser excited fluorescence was viewed at right angles to the laser
beam as indicated in Fig. 2. The conical light baffle, collimating

apertures, and beam stop were effective in eliminating nearly all of the

scattered laser light and background oven radiation from the field of view
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of the fluorescence detecting RCA 7265 photomultiplier. The fluorescence
PMT signal was preamplified by a Tektronix 7A16A 225 MHz amplifier. The

signal was then fed to a Biomation 8100 transient digitizer. The digitized

output was sent to a Decgraphic GT-40 minicomputer for further processing.

A second PMT, exposed to a portion of the dye laser beam, served as a

trigger source for the transient recorder and occasionally as a monitor

of the dye laser amplitude to provide normalization of the fluorescence
intensity. With the use of thirteen different dyes, laser induced fluores-
; cence could be excited over the wavelength interval from 3600-6500 3.
Fluorescence excitation spectra obtained by continuous scans of the dye
laser wavelength nad a spectral resolution of 0.05-0.10 nm.
The N, laser and dye laser were of our own construction. The N, laser
delivered 1-1.5 mJ pulses of 8 nsec duration at a repetition rate of 15 Hz.
The dye laser followed the standard Hansch design8 and consisted of the
dye cell, a 20X expanding telescope, blazed grating and output coupler.
Scanning of the grating was accomplished by mounting the grating and dye
laser on the base of a surplus scanning monochromator. The output of the
dye lasar could be set to any desired wavelength to within =0.05 nm.
Typical dye laser output energies were 1074,

A. Laser induced ‘luorescence detection

A schematic diagram of the apparatus used for the LIF experiments
is shown in Fig. 2. Two types of signal processing were employed. Measure-
ments of radiative lifetimes were performed by tuning the dye laser to a f
fixed wavelength corresponding to a given rare-earth halide transition of
interest. The GT-40 minicomputer performed signal averaging over a time

interval selected to include about four decay time constants. The

SO0 o bt o o LSS i 13 A e e AW 00 S48




7
averaging was done over as many lasar pulses as was necassary to achieve
a sufficiently high signal-to-noise ratio for accurate lifetime deter-
minations.

A different method of signal averaging was used when the dye laser
was continuously scanned to produce laser excitation spectra. After each
laser pulse the digitized fluorescence signal was integrated over a selected
time interval (typically 100-150 nsec) to give a total fluorescence signal.
Each succeeding result was added to the previous signal until a set number
of pulses (generally 43) had occurred. The final summed signal was tnen
stored as part of a data array, and the process was initiated again. With
a typical laser scan rata of 5 Z/min and a repetition rate of 15 Hz, each
summed data point representad 0.25 3; thus there would be 180 laser pulses
per angstrom of dye laser scan. The final data array could contain up to
1024 such data points corresponding to a laser scanning interval of 256 3.
The completad digitized scans were stored on floppy discs for further
normalization to correct for the wavelength dependence of the dye laser
output, for the wavelength-dependent response of the fluorescence detecticn
system, and, in some cases, to subtract out residual scattarad laser 1ight
appearing with the signal. These data then provided the input for graphical
video displays and hard copies obtained with a data plotter. The software
developed for the GT-40 minicomputer permitted pulse-by-pulse normalization
of the fluorescence intensity by the laser output intensity as the laser
was scanned. In practice this proved to be unnecessary and offered no
advantage over the usual method employed which was to normalize the

fluorescence output of a given run by the separately recorded wavelength-

dependent laser output for that run.
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B. Chemiluminescence recording

The apparatus of Fig. 3 was usad for observations of chemiluminescence
from the reaction zone. A lens with an f/5 entrance cone was used to focus
chemiluminescence on the entrance slit of a 0.3 meter McPherson model 218
monochromator. The output of an RCA 7265 PMT mounted on the monochromator
exit slit was fed to a PAR model 126 lock-in amplifier with a model 116
differential preamplifier. The chemiluminescence was chopped at 1.2 kHz; a
minjature light bulb and photodiode built into the chopper housing provided
a reference signal for the lock-in amplifier. The monochromator entrance
slits were typically set at 250 um, and a grating blazed at 3000 3 with

1200 Tlines/mm was employed. Scan speeds of 20 to 50 E/min were used.

Cremiluminescence spectra were usually taken with use of 1:30 halogen-helium |
gas mixtures which gave very steady and reproducible flame intensities.
The chemiluminescence data prasented in Section IIl are uncorrected
for phototube response.
C. Reagents
Yttrium (99.9% pure) and scandium (99% pure) metals were obtained
from A1fa Ventron. The metals were obtained in ingot form with samples
ranging from 10 to 30 g in weight. Tne larger ingots were cut down to
13 g in size in an argon-filled glove box. Tne scandium was shipped in
mineral oil which was removed prior to cutting by cleaning with tri-

chloroethylene and acetone. Care was taken at all stages of handling and

oven loading to prevent exposure of the samples to the atmmosphere. The
sources and stated purities of the halogen gases used were: C&,, Matheson
Co., 99.965%; F, (5% mixture in helium), Air Products, 98%; 3r,, E.M.

Laboratories, 99.999%; I[,, Fisher Scientific, 99.995%.

_ L
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[IT. EXPERIMENTAL RESULTS

A. Chemiluminescence for yttrium-halogen reaction systems

The strong chemiluminescence from the Y + C2, flame reported by Gole
and co-workers] was easily observable in the apparatus of Figs. 1 and 3.
Proper adjustment of the C2, flow rate led to a blue flame, easily observ-

able above the C2,; injector and surrounding region of the reaction chamber.
4

Torr.

Under these conditions the pressure in the reaction chamber was about 10~
Fig. 4 shows a comparison between the chemiluminescence we observe and that
reported by Gole et a].] The chemiluminescence profiles are identical for
both sets of measurements, except that the present data are shifted 25 Z
toward the blue with respect to the previous data. As reported by Gole

et a].,1

there appear to be no other emissions in the visible spectral region.

The smooth symmetrical shape of the narrow featureless band system of
Fig. 4 is remarkable. Such a profile cannot be simuiated from any known
band systems of YC2. Since it seemed likaly, contrary to the assertions
of Gole et a].,1 that this chemiluminescence does not arise from electron-
icaily excitad YCi, a series of experiments was performed to identify the
chemiluminescent emitter.

The intensity of the chemiluminescence of Fig. 4 was strongly dependent
on C2, flow rate. This dependence is shown by the data of Fig. 5 obtained
by recording the chemiluminescence intensity as the flow rate of a 1:30
mixture of C2, and helium was progressively increased. The data of Fig. 5
exhibit an initially supralinear growth in chemiluminescence intensity with
CL, pressure. This feature suggests that processes that are of higher than

first order in C2, concentration are important in the chemiluminescence

mechanism. One such possibility would be the reactions:

'L-lllllllIIllllIllllIllIIlllIllIlllllIlllll.l.ﬂlllnlﬁi-uin-nr i o it it i
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ky

Y +C2, -+ YC2 + C2 (3)
k2

YCL + C2, + YC2z + C2 (4)
ka

YCy + C2, -+ YC2, + C2 (5)

ku +*

YCL +C2; =+ YC2, + C2 (6)
* kS

YC22 +> YC1, + nv (7)

The chemiluminescent emission of stap (7) arises from electronically excited
YC2, formed in reaction (6).

Gole et al. nave proposed that a second order dependence on C2, concen-
tration could be caused by collisionally-induced emission from a 1ongA11ved

metastable state.]a

Such a mechanism would imply a pressure dependence
for the apparent radiative lifetime associated with the chemiluminescence.
We have found, however, in experiments described further in the follewing,
that the radiative lifetime is pressure independent and too short to support
the "collision-inducad emission” hypothesis.

The radiative lifetime of the emitter responsible for the chemilumines-
cence of Fig. 4 was measurable with the laser induced fluorescence apparatus
of Fig. 2. In preparation for those measurements the C2, flow rate (with no
admixed helium) was adjusted to give a maximum chemiluminescence intensity
(cf. Fig. 5). The dye laser was then scanned through the region from

[~} -
3700 A to 4100 A and the laser induced fluorescence superimposed on the

background chemiluminescence was averaged and recorded. Fig. 6 shows the
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Figs. 9a, 9b and 9c show chemiluminescence profiles for the reaction of Y
atoms with mixtures of Br, and C2; which do indeed show a well defined
third chemiluminescent band system located between the Y/Br, and Y/C%, {
chemiluminescence features. The only possible explanation for the existence
of the three separate chemiluminescent band systems of Figs. 9a, 9b and 9¢ w
is that the three emitters are YCl,, YC2Br and YBr,.

Radiative lifetime data analogous to those of Fig. 7 were obtained
from LIF measurements on the YC2Br and YBr, band systems. The radiative
lifetimes were 240 £ 24 nsec and 160 = 16 nsec for the YC2Br and YBr, band
systems, respectively.

Additional experiments were performed on the Y/C2, reaction system
which lend support to the kinetic mechanism constituted by reactions (3)
to (7).

In addition to the relatively weak LIF associated with YC2,, strong
LIF signals were observable from yttrium atomic lines and from YCZ band
systems. Thus it was possible to use the LIF signals to determine the

dependences of the concentrations of Y, YC2, and YC2, on the concentration

of C2,. These dependences are qualitatively described with the kinetic
mechanism of reactions (3) to (7). Figs. 10, 11 and 12 show the variations
in the concentrations of Y, YCZ, and YCZ;, respectively, on Ci, partial
pressure. These data were obtained by monitoring the LIF signals as the
pressure of a 1:30 mixture of C2, with helium was systematically increased.
Relationships are given in the Appendix which permit the calculation of the
solid curves shown with the experimental data of Figs. 5 and 10-12. These

curves are calculated with assumed values for the relative magnitudes of

the rate constants k;, k2, k3, and ky. The assumed ratios of rate constants
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were ky:kaiky = 1:2.3:1.4. The value of k., was taken to be negligibly small
compared with k;. Our measured value for the radiative lifetime of the YC2,
chemiluminescence (450 nsec) provides a determination of ks.

The decline in yttrium atom concentration with C%, pressure is deter-
mined by the magnitude of k;. The ratio of k, to k; is determined by the
rise and fall of YCZ concentration with increasing C2, pressure. The rela-
tive magnitude of k; is fixed by the dependence of YC2, concentration on
C2; pressure. Fig. 13 shows the dependence of the concentration of YC2:
on Cl, pressure predicted with the rate constants used for the computed
curves of Figs. 5 and 10-12. No LIF signals were observed which could nave
originated from YC2:;. The computed curves of Figs. 5 and 10-12 would not
be expected to give a good guantitative fit to the experimental data because
of the necessarily oversimplified model adopted in the absence of complete
knowledge of the flow and mixing characteristics of the reaction chamber.
Nevertheless, the simple kinetic scheme of reactions (3) to (7) apparently
gives a good qualitative explanation for the behavior exhibited by the data
of Figs. 5 and ]O-]g.

Figs. 14 and 15 show the chemiluminescence spectra observed from the
1/F, and Y/I, reaction systems. The chemiluminescant emittars in these -
systems are presumably YF, and YI, in analogy with the Y/Cl, and Y/Br;
systems. Attempts to measure a radiative lifetime for the YF, chemilumines-
cence bands were unsuccessful because the LIF signal was very weak for
these bands. The radiative lifetime measured for the Y/I, chemiluminescence
band system was 260 nsec. The chemiluminescence of Fig. 14 for the Y/F;

system is identical to that previously reported by Gole and coworkers;T

no previous data exist for the Y/I, system.
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3. Chemiluminescanca for scandium-halogen rsactisn svystems

Cbservations of chemiluminescance were made for the Sc/F:, Sc/Ci:

2
Sc¢/8rz, and Sc/l, systams in the same manner that data wera ifaken for “he

vttrium-halogan reaction systems. Fig. 16 gives chemiiuminescancs spec=ra

=
h

Q 2
2 r2action. A strong 400 A FWHM peak appears &t 3500 A, Hut

very little amission was seen throughout the remainder of the visible
sgectrum [ary similar data were draviocusly reaor=ad by Gols 2t 53.1
The cnemiluminescanca arafila gbtained faor fna 5¢/CL, rezction systam of
Fig. 17 difders from grofilas cdsarved f3r the othar yIzrium and scandium

37 Shenyavskaya
saquencas o7 tha —~( sysiam and Av =

systam in ScCi. The majeority of the chemi

r2action systam, ancwever, asgears to originata from pclvatomic amissisn
zands. A strong 4CC 3 FWHEM neax was observed, zantarsd nesar 350C A
2ravious chemiluminescanc2 data 7or the 5¢/Cl: r2z¢=icn systam Rave :sen
~agorzac, 1

Cremiiuminescence 2ra7ilas for the 3¢/3r; 2na 3¢/, svystams arz ziver

in Figs. 18 and 3. Tnese profiiss are charicterizad oy two broad smission
teatures wnich togatner encompass the visibla spectral region. [t must be
notad that since the chemiluminescanca data ars uncorrected for 2ncto-

nuitiziiar resaonsa, the decline in intensity of the Sc¢/I: chemiiuminescan:ce
3 - -
deyond 2300 A may 52 jrimarily causad 5y tha reducad PMT resgonse Tna

S¢/l; chemilumineszance is unique in that the dlu

[}
v
©
[{]
O
ot
-3
(1Y)

]
40C0 A is a 2inor compenent o7 the total

vy —— SR b, et AT
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the other yttrium and scandium halides.
Attempts were made without success to excite enough LIF from the
chemiluminescent band systems of the scandium halides to measure radiative

lifetimes for the chemiluminescent emitters.

IV. DISCUSSION

The studies reported here have established that the chemiluminescences
of the Y/CZ; and Y/Br, reaction systems originate from electronically
axcited YClz* and YBrz* molecules instead of electronicaily excited Ycz*
and YBr'monohalide molecules as was previously thought. This conclusion
is based on several cbservations:

(1) Chemiluminescence from mixtures of C1, and Br, gases reacting
with Y atoms exhibits a prominent third feature near 3975 E in addition
to the features found at 3920 3 and 4025 3, respectively, in the Y/C2,
and Y/Br, reaction systems. If the chemiluminescence had originated from
the monohalides via reaction (1) as asserted by Gole et al.,] then the
third chemiluminescent feature would not have appeared in the {C2,+8r;)/Y
reaction system. [7 the chemiluminescence had originated from the tri-
halides, YXs, there would have been spectral features presant from YClBrz*
and YBrCZ, in addition to those from YCi; and Y8rj .

(2) Qualitative studies of the dependence of LIF from Y, YCZ and
from the chemiluminescent emitter (YC2,) on Ci, pressure for the Y/C2,
reaction system show that the chemiluminescent emitter cannot be either
YCl3 or YC2. The observed and predicted dependence of the LIF from YC2

on Cl, pressure is measurably different from the dependence observed and

predicted for the chemiluminescent emitter. Moreover, the predicted
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dependence of the concentration of YC2; pressure is drastically different
from that observed for the chemiluminescent emitter (i.e., the concentra-
tion of YCZ; approaches a constant maximum value at high C2, pressures).

(3) The measured radiative lifetime for the Y/CZ, chemiluminescent
emitter is 450 nsec compared with measured radiative lifetimes for YC2
bands of 21-36 nsec.

(4) The narrow featureless peak of the chemiluminescence spectral
protile cannot be plausibly simulated from relatively simple YC2 diatomic
emission bands.

Although comparable studies to those described for the Y/CZ, and Y/3r,
systems were not made for the other yttrium and scandium halide reaction
systems, it seems quite likely that the singular spectral features noted in
each of these reaction systems in the 3500-4300 3 spectral region originate
from the electronically excited dihalides, sz* or Sch*. Measured radiative
1ifetime values for the YC2,, YBr,, YC2Br, and YI, chemiluminescant bands
were 450, 160, 240, and 260 nsec, respectively.

Thermocnemical considerations show that the kinetic model of fgs. (3)-(7)
can account for the observed chemiluminescence {rom YCZZ* only if some of
the molecules formed in the first step are highly vibrationally excited.
Unfortunately, no direct measurements of bond energies for the yttrium
halides are available. It is possible, however, to make estimates of
bond energies for yttrium chlorides with methods that have given good
results when applied to the scandium fluorides, for which direct measure-
ments are available. Bond energy estimates and experimental values are

summarized in Table I. Two types of bond energy estimates are given in

Table I. The first of these is a Birge-Sponer extrapolation based on the
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spectroscopic data of Janney]] with an empgirical corrsctian o account for
the jonic character of the molecules following the method of Hildebrand.lz
This type o7 astimate is expectad to laad to underestimation of dond sner-
gies. A second type oF estimate nas heen given 5y Krasnov and Timoshinin}3
whno usad a sotantial function model with polarizasla ians 7or caiculation of
dond energias. Tne astimatas of Krasnov and Timoshinin are in good agreement

with axperimental data for the ytirium z2nd scandium halidss as is shown in

abla I. isa o7 the astimazad aissocia<ion znargiss oF Yrasncy

[

rd Timosainin
and the Xnewn dissociation anergy 37 C1, (33 kz21,/70%2
tias of 33 kcal for reaction (3) and 81
vaiues would 2e incraasad 5y about 5 kcal/smols iF it {s assumed thzt all of =ne
yitrium flow transiational anergy 2poears as znergy relzase in the raaction

oraducts. Tne blue chemiluminescance from Y/CL, has a snort wavelengih cutaff

2
of 3825 A wnich corresponds 2 an anargy ralease of at

Thare is therefsra in anergy discracancy of at lsass 73-37 = 3 kzal/mois

s -4 =t 4 Py ym s e = . ol

for reaction (3] wnich would recuirs vidraticnal axcization ofF <he YCL

R . . N .. . . e At ae taie— uza

rormed in reacticn (3) o vizratianal lavals of a3t T=2257 v=8. Moragver,

A <~y Aanar~y walaac AL Amgmma FAY Aas 33 An? ATy e T2 san]lemATa =an
2 MaXTAUR 2nergy 212382 o7 r2actiIn L J; 2T 39 KZT30,T0.2 TS 12 <«Z3i,T0r2 e

v o2xgizag V0L 2T wave-
lengths as short as 3825 A.

The foregoing thermochemical estimatas raquire that a substantial
fraction of the enargy ralsase of raacticn (3) resides in visraticre
axcitation of the YCl Scnd. 3iack body rzaiaticn from the cvan affectivaty
rrayents the dirsct observation of infrared emission {rom such vitraticra

axcited YLL molacuises.

[n summary, the rasults of this study suggast that the chemiluminescance
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observed from the Y/Cl, reacticn systsm originatas from alectronically

*

excitad ¥YCi, formed in =he reactinon

YCLT + Ci, - YCL,  + C2 (8)

wnere YCL' denctas YC.L vibrationally sxcited to levals of ag i2ast v=8.

s
Morzover, there is nc presant 2vidence that 2lsctronically axcited YC2

molacules are formed in r2action (3). 1t asgears likely that an analcgous
situation axists Tir r2zctices o7 zhe sther yussium- :nd zzandium-nzicgan
reaction systams. Cnly i1 the Sc/Fy and /7, czses is zhars 2n0ugh 2nerly

reguirad in formation of the dinalid

[£ should 5e notad :that & reacticn mechanism oroposad for the
E

- e

* »*
of a2lecircnicaliy =zxcitad 3aCi, , MalC2, , Naf, , CarF, , Call; , and Cadr

n

would not raquira vidraticraily 2xcitad mononalidas 25 srecurscrs <2 <he

formation of tha 2izc¢ironicaily 2axcisad 2inalige. This mechanism rezuirss
. . - fgy AT s
the stadilizaticn 27 2 long-iived comeiax denctad Hy (MY, ' Tormed 2y tne
giract r2action 3F 2 mezal atom M with the hatogen molaculz, £,
[y — = - A~
I"1 T A - \\'\Xz ) TaraatiIn V3
B T - P A e <A r
(M ) v = Mz + g staniiizaticn \-3)
ay \ . cias {
MKy = MX; + nhv radiaztion (1)
This mechanism would rot, aowever, T1azd £ the formaticorn 9F mixad

nalides such as the YCiBr moleculas sbsarved o contrisuta 2 frs ghemi-

juminescancs of Figs. 3a, 90, and 3¢. [t should also 22 nozad tnat in

further studylg cf the 8a/Cl, reaction systam Wran nis rajactad the
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mechanism of reactions (9), (10) and (11) in favor of the two-step process

involving formation of vibrationally excited monohalide molecules:
Ba + C2, + BaCL' + C2 (12)
£ Jo
BaCy' + C2, + BaC2, + Co. (13)
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APPENDIX

Kinetic Model for the Y+C2, Reaction System

Differential rate equations for the processes defined in £gs. (3)

to (7) are:
d(Y1/dt = -k [Y][C22] (A-1)
d{vc2l/dt = -kau[YCRI[C22] + ka[YI[CL:] (A-2)
d[YC2,1/dt = -ks[¥C2,]0C2,] + ks[YC2, ] (A-3)
dlYC2; 1/dt = x [YC2][C22] - ks[¥C22'] (A-4)
d{YC2:1/dt = ks[¥C22]{C22] (A-5)

whera k,, = ka+k, and the backward rates can be neglected under the
present experimental conditions. The equations are integrated with the
assumptions that at time t = 0 theY atoms and C2: molecules are uniformly
mixed and that reaction proceeds until the time t = T at which LIF is
obsarved. Moreover, it is assumed that since [Y] << [C2,] in the present
axperiments, then the concentration, [Cl,], can be considered a constant;
it is also assumed that k. << k. The initial conditions at t =0 are

[¥] = (1], and [vea] = [vC2.] = [vc2; ] = [¥Ci:] = 0.

A Solutions for the species concentrations with these approximations
are:
(Y] = (1], exp (-ki[C22]7) (A-6)
fyce] = kl[Y]OEEXD (-ka[C22]7)-exp (-k1[C2217)3/(k1~ka) (A-7)
[¥Ca2] = kuko[¥] {lexp (-ks[C22]t)-exp (-k2[C2217)1/(kavks) (A-8)

* - [exp (-k;[Cg,l7)-exp (-k;[C22]7) ]/ (ki-ks )}/ (ki-k2)
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TABLE I
Estimated Bond Energies (kcal/mole)

Top Row: Potential Function Mode1?
Bottom Row: Experimental

Halide Oy Dyy-x Dy, M- Dy,
Y+C2 111(88)°¢ 119 128 358
Y+f 154(152)° 155 155 464
143.625 143.4%7 166+10 453 J
Sc+F 134(136)° 142 151 427
140.8+£3 140.3+5 187+7 438

8. S. Krasnov and V. S. Timoshinin, High Temp. 7, 333 (1969).
Ok. F. Zmbov and J. L. Margrave, J. Chem. Phys. 47, 3122 (1967).
“Corrected Birge-Sponer extrapolation, 0. L. Hildenbrand, in

Advances in High Temperature Chemistry, edited by H. L. Eyring

(Academic Press, New York, 1967), Vol. I.
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Schematic diagram of oven and reaction chamber.

Experimental arrangement employed for recording LIF excitation
spectra.

Experimental arrangement employed for observaticns of chemilumines-
cence.

Chemiluminescence from the Y/CZ, reaction system. The open circles
are data previously reported by Gole et al. in ref. 1.

Yariation in chemiluminescence intensity from the Y/C2, reaction
system with C1, pressure. The open circles are the experimental
data; the solid curve is the variation predicted with the kinetic
model discussed in the Appendix. The ordinate scale gives the Ci,
pressure in millitorr multiplied by the factor 30.

Laser,induced fluorescence from the Y/Cl, reaction system in the
3900 A region. The solid triangles show the spectral distribution
of chemiluminescence presented in Fig. 4.

Semilogarithmic plot of the decay of LIF from the chemiluminescent
emitter (YCZ,*) of the Y/CL, reaction system.

Chemiluminescence from the Y/Br, reaction system.

Chemiluminescence from the rszaction of Y atoms with C2,+Br, mixtures.
Progressively greater amounts of Br, were added in the sequence from
Fig. 9a to 9%¢c.

Yariation in the concentration of Y atoms with Cl, pressure. The
open circies are the experimental data; the solid curve is the
variation predictad with the kinetic model discussed in the Appendix.
The ordinate scale gives the C2, pressure in millitorr multipiied by
the factor 30.

Variation in the concentration of YC. molecuies witn C2, pressure.
The open circles are the experimental data; the solid curve is the
variation predicted with the kinetic model discussed in the Appendix.
The ordinate scale gives the C2, pressure in millitorr multiplied by
the factor 30.

Variation in the concentration of YC2, molecules with Cl, pressure.
The open circles are the experimental data; the solid curve is the
variation predicted with the kinetic model discussed in the Appendix.
The ordinate scale gives the CL, pressure in millitorr multipliied by
the factor 30.
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13.

14.
15.
16.
17.
18.
19.

Predicted variation in YC2; concentration with C2; pressure based
on the kinetic model discussed in the Appendix. The ordinate scale
gives the CZ, pressure

Chemiluminescence
Chemiluminescence
Chemiluminescence
Chemiluminescence
Chemiluminescence

Chemiluminescence

from
from
from
from
from

from

in millitorr multiplied by the factor 30.
the Y/F, reaction system.

the Y/I, reaction system.

the Sc/F; reaction system.

the Sc/Cl, reaction system.

the Sc/Br, reaction system.

the Sc¢/I, reaction system.

Variation in the concentrations of components of the Y/Cl, reaction
system with C2, pressure predicted with the kinetic model discussed
The ordinate scale gives the C2, pressure in

in the Appendix.

millitorr multiplied by the factor 30.
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SPECTROSCOPIC STUDIEZS OF Tht PRODUCTS OF REACTIONS OF
YTTRIUM AND SCANDIUM ATOMS WITH HALOGEN MOLECULES.
[I. LASER INOUCED FLUORESCENCE FRCM
YTTRIUM AND SCANDIUM MONOHALIDES™

Oavid R. Fischell, Howard C. 8rayman and Terrill A. Cool
School of Applied and Engineering Physics
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ABSTRACT
Excitation spectra from the mononhalides of yttrium and scandium were
recorded with the laser induced fluorescanca method. Spectroscopic constants
and radiative lifetimes were determined for several previously uncbsarved
electronic states. Computer generatad spectral simulations were used for
the detarmination of spectroscopic constants and ~ranck-Condon factors

ssociated with the fluorescances band systems.

*Supported by the Air Force Qffice of Scisntific Research under Grant
AFQSR 77-3258.




I. INTROOUCTION

Present spectroscopic information on the low-lying electronic states
and dissociation energies of the rare earth monchalides is quite incomplete.
O0f the yttrium and scandium monchalides, spectroscopic data exist only for
the fluorides and ch]orides.] The studies reported here make use of the
laser induced fluorescence (LIF) technique for the measurement of radiative
jifetimes and the determination of spectroscopic constants for several
aravigusly unobserved 2lectronic states in the ytirium and scandium mono-
nalides. Spectroscopic constants ars determined by the itarative compari-
son oF computer generatad spectral simulations with observed excitation
spectra. Franck-Condon factors are calculated for the cbserved band
systams.

A description of the experimental apparatus and technigues is given

in the preceding paper, hereafter referred to as I.

[I. ZXCITATICON SPECTRA AND RADIATIVE LIFETIMES FOR YF, YCZ, YBr, AND YI

Previcus spectroscopic studiss of the yttrium monohalides nhave deen
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Radiative lifetime data for the (0,0) bands of the two YCZ band systems
of Figs. 1 and 2 are presented in Fig. 3. The lifetime of an additional
(0,0) band of the previously observed C‘Z+-X’Z+ band system with Te(c1:+)=
14,907.6 cm’l was also measured. Table [ summarizes the lifetime data for
the three YC2 bands.

Observed and simulated excitation spectra for several additional band

systems in YBr, YI, and YF are presented in Figs. 4 through 3. Spectroscopic

constants and radiative 1ifetime data for the (0,0) bands of the YBr and YI
dand systems are given in Tables II and III. The best spectral simulation
for the C'z7-X'z" bands of YF (Fig. 8b) was found with spectroscopic con-

stants which agreed within 2xperimental accuracy with those previously mea-
sured.1 The vibrational and rotational temperatures used in the simulation

1 and KT, = 1200 cn™. Radiative lifetimes for tne

= 20 -

were kTvib 2000 cm
+ou i pot

clz-x'z" system and the 3'I-X't” system of YF wera measured to be 35:3 nsec

and 37+3 nsac, respectively.

IIT. EXCITATION SPECTRA AND RADIATIVE LIFETIMES FOR Scf, ScC2, Sc8r AND Scl
Comparatively complete spectroscopic information is available on the
Tow-1ying states of ScF and ScCi. This is fortunate because the LIF exci-
tation specira observed from these molecules were weak in comparison with
the LIF spectra of the yttrium halides. [t was possible nevertheless to
obtain radiative lifetime estimates for one band system in ScF and three

systems in ScC2. These data are summarized in Table IV. The lifetimes given

nere are somewhat snorter than those measured for band systems in the yttrium

halides. The lifetimes of Table IV include small corrections for the rise

time of the electronics (10 nsec) and the laser pulse width (8 nsec). The
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shortest lifetime for which a useful estimate could be obtained with the
present apparatus was approximately 14 nsec. ;
No previous spectroscopic data were available for low-lying states of
ScBr and Scl. The LIF excitation spectrum of ScBr was weak, but revealed
the presance of two overlapping blue-degraded band systems in the 4100-4300 Z
region. Fig. 9 shows the observed and simulated LIF excitation spectra for
ScBr. The match between observed and simulated spectra is not as satisfactory
as the comparisons made for the yttrium halides. Two distinct singlet band
systems with a common ground state are evident; approximate spectroscopic
constants and radiative lifetimes for the (0,0) bands are given for each
system in Table V.
Excitation spectra for two red-degraded singlet band systems observed

for Scl are shown in Figs. 10 and 11. Here again the spectra are weak and

of poorer signal-to-noise than was achievable for the yttrium nalides.
Spectroscepic constants obtained from the simulations of Figs. 10b and 11b
for these Sci singlet systems are given in Table VI. The radiative life-
times of the (C,0) bands for these systems were too short (< 14 nsec) to

measura accurataly with the present apparatus.

IY. FRANCK-CONOON FACTORS FCOR YTTRIUM AND SCANDIUM MONQHALIDE 3AND SYSTzMS

Tables VII-XVII contain partial arrays of Franck-Condon factors cal-
culated for the yttrium and scandium monohalide band systems discussed here.
More extensive tabulations are given in ref. 8. Rotational constants for
the ground state of YCL were available from previous work;7 for YCR the

value of rg is accurately known and therefore it was possible to tabulate

accurate values of r-centroids along with the Franck-Condon factors for the
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three band systems of Tables VII, VIII, and IX. For the other monochalides,

only rough estimates of r! could be made in the absence of experimental
data. For these molecules the Franck-Condon factors could still be accur- 4
ately determined since they depend primarily on the difference Are=ré-r",

e
rather than on the separate magnitudes of the internuclear separations.

V. RADIATIVE LIFETIMES FOR YTTRIUM AND SCANDIUM ATOMIC STATES

Radiative lifetime data were also obtained for several electronic tran-
sitions between atcmic states in yttrium and scandium. These values 3are
given in Tables XVIII and XIX along with 1ifetimes estimated from emission

intensity measurements.9 Many of the lifetimes were shorter than the 14 nsec

limitation of the present experiments. Reasonabie agreement was obtaineaq
between the measured lifetimes and the estimates based on intensity data for

scandium; the measured lifatimes for ytirium transiticns tended ta be some-

what snorter than the estimated values. The signal-to-noise ratios for the

atomic 7Tlucrescencas were considerably nigher than from the molecular bands;

a maximum of 200 pulses were averaged for the 1ifatime measurements.

r VI. OISCUSSION
The laser induced Fluorescance studias described here have iad to the
observation of several new band systems in the yttrium and scandium mono-

nalides and to measurements of the radiative lifetimes for several of these

bands. The absence of triplet band systems in the excitation spectra suggests
that the ground states for all of the yttrium and scandium monohalides are
X'z* states.

The resolution of the present experiments was insufficient to provide




9
direct determinations of rotational constants. Nevertheless, the computer
simulation procedure enabled the difference in equilibrium internuclear
separations between upper and lower electronic states to be specified with
high accuracy. This technique is usaful in the determination of accurate
spectroscopic constants for both electronic states of a given band system

when rotational constants are only available for one of the states.
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APPENDIX A
COMPUTER SIMULATION OF LIF

The LIF intensity detected for the (v",J") - (v',J') induced transition

may be written a;O

S
_ | JlJII
IV‘J'V"J" = k [ YERLL Q(k udn)q by, 0 W]

S
v J' TANE J'J
XZ Vg Yy PONGT ) T (A-1)
v,J

where x is a constant of proportionality, Nv”J” is the density of absorber

molecules in the state (v",J"), a(A “j") is the laser energy density at

] 1
the wavelength A “3“ corresponding to the transition (v",J") - (v',J'),
Q... 1S the Franck-Condon factor for this transition, SJ.J" is the rota-

v'y
tional line strength, P(A VJJ ) is the detector response function at the

1 L]
wavelength A JJ corresponding to the fluorescence transition (v',J') - (v,J),

v'J!

Vg o yry and SJ,J are the frequency, Franck-Condon factor, and rotational

line strength, respectively, for the (v'J') - (v,J) fluorescence transitions.
The sum is over all states in the lower electronic energy level. The
assumption of a Boltzmann rotational distribution and the approximation

Bv“ = Be" enabled the rotational intaensity distribution to be evaluated

independently of the specification of vibrational levels. That is, Eq. (A-1)

can be written

[

V'J'V"J" = IV'V” IJ'J" Q(Xvn)




whera

and

afar

= ! : A P A _2)
IVlV“ = X [n‘\/n q‘/l‘/“] Z(JV ) HVIV P(I\V ) (A 3)
v
I S exp |-hcd"J" gl SJ'J (A-4)
LJlJn Jrgn ) ! e <1 27 F] A==
rot ¥

11

s to the intensity contribution associataed with the J" -

wnera IJ.J” refay d
transition of the rotational envelope associatad with the vibronic transi-
zign v = v'., The wavaiangths and frzguenciss nave 2sen rasjacad Sy ths
values a7 sand canzer; i.z., Klei > Az; and 'x;Jl = uz‘ n tne presen:
sxperiTents, seofaratz rotational transiiions wers nct rssaivadle, aut ihe

!

? 4 anvelooe of rotaticnal transitions zssociatad wizh =ach visronic irznsiticn

[ Was a7 importince in the simulation. Thus ZJ.J” vas caiculated as z Tunc-

" tion of fraquency for sach rotational transition asscciztzd with the
vitrenic transiticn of a given 17t g 7ottt sand swstam. The <on-
triduysions af sach srancnh {2, R or 7, Q, R, reszectively; wers added 3
araduce 2 rafztianal spectr:al arafils which was zher conveoiutad wilh nz
risrazicnal fntansizias according fo Ig. [2-2) Tnis conveiuTion Sracedurs
is snown szremazica’iy ia Figs. 122, 125 and 122, Fig. 123 shows & nyIo-
tnatical Zistrisution 3F vibraticnal Tine intansitias zxoressac oy

i
. I{(\) = I,ign S(A=3w) (a-5)
viv"

whers I, . is given by gg. (3-3). Fig. 125 shows the rotationa] intansity
distrioution obtained by calcuiziion of th2 eavelage oF the intansities
dascribed in Z2. {A-1). Trial calculaticns snowad that in sach c2se at tne
resolution of tne presant sxperimants the assumpticn of either 2 P, R, or




t
|
|
!

a P, R, Q branch structure gave similar rotational envelopes which would not
have been distinguishable. Fig. 12c shows the convoluted LIF intensity dis-
tribution described by Eq. (A-2).

Franck-Condon factors and r-centroids were calculated with the TRAPRS
program developed by Jarmain and McCa11um.]] Morse potential energy curves
were constructed from the spectroscopic constants. The Schrddinger equation
was then solved numerically to provide the vibronic wavefunctions usad o
calculate the Franck-Condon factors and r-centroids. The waveleng<hs

tabulated with the Franck-Condon factors are those ccomputad with the Morse

potentiais and are net of high accuracy and are listed for referencs only.




APPEZNDIX 3
DATA AMALYSIS
The LIF data as originally recordad contain, in most cases, a small
percentage oF scattarad lasar light superimposad upcn the lasar zxcization
spectra. That is, the expgerimentally cbsarved LIF intansity consis:is of

Tw0 parts:

() + T_(x\) (8-1)

whare 30N the fiugrescancs inzansity I-{%) znd <hs scattarzd lazar
intansizy are dir2ctly 2r2cortionz 10 the wavalang< datandsrns tzsar
anergy densizy, 2(\). The normalizeq inzansity may DSe written
[(X)
I[N = ——<+2¢C (3-2)
n RN S
where CS is & canstant.

The comoutar simuiations ire constructicns of tha [.{N)/s{n] ferm,;
cemparisan o7 axperimental spectra with the simulatad szectrz will 2iffar
J¥ the constant C_ and Ihis must se Jrscerly aczsuntss Tor in dzza anaiusis

S
i sracTice, this was 30s5inls wisth simpiz methods

13 30 axamolz, zsnsidar ne axzitziion scesivr: racsrdad Fap tnz /L2

23nc systam osagwn s Fig. 13 wnich is :ssumed for tn2 surcesss o zzliulz-

zion o 2e a “I-X'I  systam. The intensity of Fig. 13 has Sesn ncrmaiizag

f . dy tha lasar energy dansity [cf. €a. (3-2)]. Compariscns of %the intensizizs
! of tne memdbars of ths (0,0), (1,0) 2ad {2,3) oregrassicn ars Zesired £z chizin
r2lative valuyes of the g , 3 and 3 Franck-Tondan Tactsrs The band
9 23 IR 292
systams ars dagradad $0 tne red and therafors portians ¢of “ha Lv=2 sa2gLanca
avarian the (1,3) 5and, and portions of tha v=1 sequenca cverlzs tha {0,0)

THLIS PAck IS BEST QUALITY PRACTLCH Bui
rrioM CULY FURAISHED TO BbC
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A similar procedure employed for the (0,0), (0,1) and (0,2) progression

members can be used to obtain values for the ratios

R' = Igo/Tq1 = (No/Ny) (Qo0/Q01)

and R"

[61/102

1]

(N1/N2) (g01/902)

wnich depend on the ratios of vibrational populations in addition to the
ratios of Franck-Condon factors.

This procadure was extended to other progressions to provide many
experimentai ratios of Franck-Condon factors and many ratios of vibrational
populations for use in the iterative simulation techniques described in
Section Il and Appendix A.

Once a good fit was obtained between the observed and calculated
values for Franck-Condon factors and vibrational populations, it was
possible to determine the constant CS in £q. (B-2) by a simple displace-
ment of the observed axcitation spectra (normalized by laser energy density)
along the ordinate until a good match between obsarved and simulated
orofiles was obtained. All of the comparisons of Sections II and III

shcw the final result after this correction for CS nas been made.

pEr——




TABLE I

Spectroscopic constants for electronic states of YC2

State 18 28 ¢zt xte*
T, 22,787:2cm™) 27,11622em™  14,907.6cm”! 0 e
2, 85=2en™! 33522¢m™! 324.5em™) 381=2em” (380.7cm” )P
agx,  1.0:0.3cn”' 1.020.3en” 1.14en™! 1.3:0.3em™ {1.30cm”)P
r 2.463:.005A  2.470=.005A 2.488A - - - (2.406 A)°
3, 01108 0.1101en™! 0.1089em! 0.1160cm™
kT2 --- - - .- - 2000=300cm” !
KThos - - - - - 1200+200cm” ]

= (0,0)° (28:2)x10°%  (21=2)x107%s  (36:3)x107%s - -

aSing1et state of presently unknown designation.

bK. P. Huber and G. Herzberg, Molecular Spectra and Molecuiar Structure
IY. Constants of Diatomic Molecules -(Van MNostrand Reinnold, New York, 1979).

sl

“Radiative 1ifetime of tne (0,0) band.
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TABLE II

Spectroscopic constants for electronic states of YBr

State 18 28 xtz*
T, 22,026:2cm'] 26,006:2cm'] 0 em!
o 245:2¢m” 235:2¢m” 25822¢m”
8 % 0.6:0.2cm™ 0.6:0.2cm” 0.8:0.2cn”
3 2.874+.005A 2.881%.005A 2.800A°
3, 0.0489cm” 0.0487cm” 0.0576ca™ "
T oo .- - .- 1500+300cm”"
) T ot - - - - - 1000200cm”
< (0,0)¢ (25:2)x107%5 (22:2)x10"7s - -

aSing]et state of presantly unknown designation.

. o )
%alues of re and 3, are based on an assumed value of ry = 2.800A Tor the
X'zt state; see text.

CRadiative lifetime of the {(0,0) band.




TABLE III

Spectroscopic constants for electronic states of YI

State e 28 Xz®
L T, 20,690=2cm”! 23,933:2¢em”) 0 em!
o 195:2cm”! 190£2¢m” 220:2¢m”]
o %, 0.5:0.2¢m”! 0.5:0.2cm”] 0.7:0.2¢m”]
o 3.075+.0054 3.080=.005A 3.000A°
8, 0.0344cm™! 0.0343cm™) 0.0362em™ "
(T - - - - 1500300cm” !
| (Toos - - - - - - 1000£200¢m”!
<.(0,0)° (30=2)x10"%s (24:2)x10"%s - - -

aSing]et state of presently unknown designation.

2
bVa'lues of rg and B, are based on an assumed value of rg = 3.0C0A for the
X't state; see text.

CRadiative lifetime of the (0,0) band.

e ekt it L 1 e A




TABLE IV

Radiative lifetimes for Scf and ScC2

Band system Frequency, v(0,0) - Radiative lifetime, :r(0,0)a
(cm']) (sec)
Scf tr-xizt 26891.0 (20£2)x107°
ScCy Elz-xizt 27033.3 (172)x107°
SeCe 0'm-x'z” | 21521.1 (20£2)x107° g
ScCi Blg-#igt 17576.6 (21£2)x107° é

dpadiative lifetime of the (0,9) band.

il b Lecidinobin XY b o




TABLE V
Spectroscopic constants for electronic states of ScBr
State 12 28 izt
T, 23,459s5¢m” ! 23,602:5cm”! 0 em”!
oy 305:5¢m”! 208s5¢m” 275:5em™ )
WX g - - - - - - - - - 4
9 o Qb
o 2.70%.02A 2.70%.024 2.60A
i . _1b
1 8, 0.0811em”] 0.0811em™] 0.0875cm™
‘ €T .. .- 1500400ca” !
(T e - .- 1000+300cm™ "
T (0,0)¢ (20:2)x107%s (19:2)x107s ---

aSingIet state of presently unknown designation.

b
Yalues of r_ and Be are based on an assumed value of ra
X'zt state; see text.

“Radiative 1ifatime of tne (0,0) band.

= 2.60A for the




TABLE VI

Spectroscopic constants for electronic states of Scl

State ke 28 xtg*
T, 21,368=5¢m”| 22,284:5¢m” | 0 em”!
“ 185+5¢m”! 195+5cm”] 210£5¢em™"
SaXe - - - -- - -- -
3 ) Ob
o 3.065=.005A 3.065=.0054 3.000A
- ) _1b
3, 0.0545¢cm™" 0.0545cm™ 0.0569cm”
kT . .- - .- 1500£400¢cm”
vib
I
T ot - - - - - - 1000+300cm
r (0,0)¢ <14x10"%s <14x10"%s - - -

aSing1et state of presently unknown designation.

o
®Values of re and Bg are based on an assumed value of ry = 3.000A for the
X't* state; see text.

“Radiative 1ifetime of the (0,d) band.
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TABLE VII
=] -]
Franck-Condon factors, wavelengths (A), and r-centroids (A)
‘ for the singlet system (?)-X'z" of YC2 with T, = 22,787cm”!

v" (lower state)

v! a 1 2 3 4 5
0 0.5881 0.3230 0.0775 g.0104 0.0008 0.0000
4392.0 4466.2 4542.3 4620.6 4701.0 4783.7
2.434 2.497 2.562 2.633 2.714 2.813
1 0.3023 g.1318 0.3647 C.1643 0.0326 0.0035
4326.8 4398.8 4472.6 4548.5 4626.4 4706.5
2.378 2.443 2.504 2.569 2.640 2.722
2 0.0873 0.3116 0.00%0 0.2914 0.2318 0.0638
4263.9 4333.8 4405.5 4479.0 4554.6 4632.2
2.324 2.384 2.47 2.512 2.576 2.647
3 0.0185 0.167 0.2202 0.0177 0.1301 0.2688
4203.1 4271.0 4340 .6 4412.0 4485.3 4560.5
2.272 2.330 2.390 2.437 2.521 2.583
4 0.0032 0.0522 0.2081 0.1201 0.0713 0.1017
4144 .4 4210.4 4278.1 4347.4 4418.5 4491.5
2.219 2.277 2.336 2.397 2.450 2.531
5 0.0005 0.0119 0.0909 0.2097 0.0472 0.1203
4087.7 4151.9 4217.6 4285.0 4354.1 4424 .9

2.164 2.225 2.283 . 2.347 2.405 2.459




TABLE VIII

Q Q
Franck-Condon factors, wavelengths (A), and r-centroids (A)

for the singlet system (?)-X‘2+ of YCZ with T, = 27,116cm']

v" (lower state)

v 0 1 2 3 4 5
0 0.5232 0.3486 0.1064 0.0193 0.0023 0.0002
3691.0 3743.2 3796.6 3851.1 3906.8 3963.7
2.437 2.495 2.553 2.614 2.680 2.752
1 0.3298 0.0660 0.3324 0.2053 0.0566 0.0089
3646.1 3697.1 3749.2 3802.3 3856.6 3912.1
2.387 2.446 2.503 2.560 2.621 2.687
2 0.1130 0.2894 0.0031 0.2097 0.2579 0.1031
3602.7 3652.4 3703.2 3755.1 3808.0 3862.1
2.337 2.393 2.447 2.5 2.568 2.629
3 0.0276 0.1983 0.1609 0.0624 0.0944 0.2624
3560.5 3609.0 3658.6 3709.2 3760.9 3813.6
2.287 2.344 2.400 2.455 2.521 2.576
4 0.0053 0.0738 0.2223 0.0572 0.1259 0.0242
3519.5 3567.0 3615.4 3664.8 3715.2 3766.7
2.236 2.294 2.350 2.407 2.463 2.535
5 0.0009 0.0193 0.1209 0.1963 0.0070 G.1552
3479.7 3526.1 3573.4 3621.6 3670.9 3721.1

2.181 2.243 2.301 2.357 2.412 2.47




TABLE IX
-] -]
Franck-Condon factors, wavelengths (A), and r-centroids (A)
for the C'z*-x'z* system of YC2 with T(c'zh) = 14,907 .6cm™

v"' (Tower state)

v’ 0 1 2 3 4 5
0 0.4316 0.3721 9.1510 0.0379 0.0065 0.0000
6721.5 6896.8 7080. 1 72721 7473.4 7684.5
2.442 2.493 2.545 2.597 2.651 2.707
1 0.3515 0.0108 0.2609 0.2476 0.1006 0.0242
6579.0 §746.8 6922.2 7105.6 7297.6 7498.9
2.398 2.450 2501 2.553 2.605 2.658
2 0.1540 0.2231 0.0470 0.0956 0.2522 0.1625
6443.4 6604.3 6§772.2 6947.7 71311 7323.2
2.354 2.405 2.457 2.510 2.560 2.612
3 0.0480 0.2268 0.0665 0.1354 0.0099 0.1937
6314.1 6468.6 6629.6 6797.7 6973.2 7156.7
2.310 2.362 2.412 2.464 2.523 2.568
L 4 0.0119 0.1142 0.2003 0.0021 0.1602 0.0065
6190.9 6339.2 6493.8 §655.0 6823.1 6998.7
2.266 2.319 2.369 2.415 2.472 2.513
5 0.0025 0.0395 0.1623 0.1250 0.0162 0.1255
5073.1 6215.9 5364 .4 6519.1 5630. 4 5348.6

2.220 2.275 2.326 2.377 2.431 2.480




Table X

Q
Franck-Condon factors and wavelengths (A) for the

singlet system (?)-X'c¥ of YBr with Te = 22,026cm”

v" (Tower state)

1

0 1 2 3 4 5
0.4221 0.3843 0.1532 0.0349 0.0050 0.0005
4542.0 4597.6 4654.3 4712.0 4770.8 4830.7
0.3461 0.0087 0.2748 0.2564 0.0934 0.0183
4492.3 4546.7 4602.1 4658.5 4716.0 4774.5
0.1588 0.2059 0.0483 g.1107 0.2746 0.1552
4443.8 4497 .1 4551.3 4606.4 4662.6 4719.8
0.0536 0.2188 0.0570 0.1337 0.0182 0.2320
4396.7 4448.8 4501.8 4555.8 4610.7 4666.7
0.0148 0.1184 0.1825 0.0013 0.1605 0.0013
4350.7 4401.7 4453.6 4506.5 4560.2 4614.8
0.0036 0.0453 0.1577 0.1087 0.0133 0.1338
4305.9 4355.9 4406.7 4458.4 4511 .1 4564.6




TABLE XI

v (Tower state)

singlet system (2)-X'T" of YBr with Ty = 26,006cm™

[}
Franck-Condon factors and wavelengths (A) for the

1

v 0 1 2 3 4 5
0 0.3624 0.3836 0.1867 0.0549 g.0108 0.0015
3847.3 3887.1 3927.6 3968.6 4010.2 4052.5
1 0.3536 0.0000 0.2036 0.2665 0.1321 0.0368
3813.0 3852.1 3891.8 3932.1 3973.0 4014.4
2 0.1863 0.1589 0.0928 0.0419 0.2318 0.1941
3779.5 3817.9 3856.9 3896.5 3936.6 3977.3
3 0.0701 0.2254 0.0196 0.1608 0.0003 0.1462
3746.7 3784.5 3822.8 3861.7 3901.1 3941.0
4 0.0210 0.1435 0.1552 0.0062 0.1406 0.0345
3714.7 3751.8 3789.5 3827.6 3866.3 3905.5
5 0.0053 0.0613 0.1736 0.0664 0.0527 0.0796
3683.3 3719.8 3756 .8 3794 .4 3832.4 871.0

bl
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Table XII

-}

Franck-Condon factors and wavelengths (A) for the

singlet system (?)-Xlz+ of YI with T = 20,690 cm™

v' (lower state)

1

4

v 0 1 2 3 4 35
0 0.4085 0.3821 0.1616 0.0404 0.0065 3.00aq7
4836.0 4887.7 4940.2 4993.4 5047.4 5102.3
1 0.3516 0.0050 0.2537 0.2582 0.1045 0.0235
4791 .1 4841.8 4893.3 4945 .5 4998.5 5052.3
2 0.1650 0.2007 0.0578 0.0885 0.2610 0.1669
4747.2 4797.0 4847 .5 4898.7 4950.7 5003.5
3 0.05%6 0.2251 0.0504 0.1416 0.0086 0.2046
4704.3 4753.2 4802.8 4853.1 4904 .1 4955.9
4 0.0150 0.1232 0.1849 0.0003 0.1587 0.0062
4662.4 4710.4 4759.1 4808.5 4858.6 4909.4
5 0.0034 0.0463 0.1642 0.1075 0.0209 0.1231
4621.5 4668.7 4716.5 4765.0 4814.2 4864.0




TABLE XIII

Q
Franck-Condon factors and wavelengths (A) for the

singlet system (?)-X'zt’ of YI with T4 = 23,933 cm”

v'" (Tower state)

1

v 0 1 2 3 4 5
0 0.3652 0.3817 0.1855 0.0549 0.0109 0.0015
4181.0 4219.6 4258.56 4298.1 4338.1 4378.5
1 0.3556 0.0000 0.2037 0.2642 0.1316 0.0371
4148.2 4186.2 4224.6 4263.5 4302.8 4342.56
2 0.1853 0.1644 0.0902 0.0428 0.2298 0.1926
4116.1 4153.5 4191.3 4229.6 4268.3 4307.4
3 0.0682 0.2287 0.0225 0.1594 0.0002 0.1451
4084.7 4121.5 4158.7 4196.4 4234.5 4273.0
4 0.0198 0.1421 0.1623 0.0046 0.1418 9.0329
4053.9 4090.1 4126.8 4163.9 4201.4 4239.3
3 0.0048 J.0s87 0.1757 0.0736 Q.0487 0.0825
4023.7 4055.4 4095.5 4132.0 4169.0 4206.3




TABLE XIV

o

Franck-Caondon factors and wavelengths (A) for the

singlet system (?)-X'c™ of ScBr with T} = 23,459 ca”'

v" (lower state)

v Q 1 2 3 4 5




TABLE XV

Franck-Condon factors and wavelengths (A) for the

singlet system (?)-X'L" of ScBr with T} = 23,602 cm”

+

v" (Tower state)

1

0 1 2 3 4 5
0.2961 0.3746 0.2221 0.0817 0.0208 0.0039
4235.0 4284 .9 4336.0 4388.3 4441.9 4496.8
0.3456 0.0138 0.1266 0.2569 0.1726 0.0651
4182.2 4230.9 4280.7 4331.7 4383.9 4437 .4
0.2158 0.0950 0.1412 0.0032 0.1624 0.2746
4130.7 4178.2 4226.8 4276.5 4327 .4 4379.5
0.0955 0.2082 0.0000 0.1552 0.0297 0.0574
4080.5 34126.3 4174.2 4222.7 4272.3 4323.1
0.0336 0.1695 0.0974 0.0442 0.0820 0.0934
4031.5 4Q76.7 4122.9 4170.2 4218.5 4268.1
0.0099 0.0883 0.1690 0.01s8 0.1024 0.0169
3983.6 3027.7 4072.9 4119.0 4166.2 4214.5
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TABLE XVI

Q
Franck-Condon factors and wavelengths (A) for the

singlet system (?)-X'z" of ScI with T} = 21,368cm"

v" (Tower state)

1

v! 0 1 2 3 4 5
0 0.6626 0.2542 0.0662 0.0139 0.0026 0.0004
4682.7 4729.3 4776.7 4825.1 4874 .5 4924.9
1 0.2885 0.2301 0.2936 0.1345 0.0409 0.0099
4642.5 4688.2 4734 .8 4782.4 4830.9 4880.4
2 0.0459 0.39M 0.0459 0.2362 0.1773 0.0738
4603.0 4647.9 4693.7 4740.5 4788.1 4836.8
3 0.0029 0.1136 0.3834 0.0001 g.1515 0.1883
4564 .1 4608.3 4653.3 4699 .2 4746.1 4793.9
4 0.0000 0.0108 0.1853 0.3192 0.0201 0.0764
4525.9 4569.3 4613.6 4658.7 4704 .8 4751.7
5 0.0000 0.0002 0.0249 0.2489 0.2346 0.3613
4488.3 4531.0 4574.6 4618.9 4664.2 4710.3




TABLE XVII

Q
Franck-Condon factors and wavelengths (A) for the

singlet system (2)-x't® of ScI with T = 22,284cm™

v" (lower state)

1

) 1 2 3 4 5
0.6559 0.2659 0.0642 0.0118 0.0018 0.0002
4489.2 4532.0 4575.5 4619.9 4665.2 4711.3
0.2864 0.2196 0.3152 0.1345 0.0357 0.0072
4450.3 4492.3 4535.0 4578.5 4623.1 4668.4
0.0524 0.3728 0.0397 0.2631 0.1839 0.0668
4412.0 4453.3 4495.3 4538.1 4581.8 4626.3
0.0051 0.1231 0.3494 0.0001 0.1787 0.2044
4374.4 4414.9 4456.2 4498.3 4541.2 4584.9
0.0003 0.0174 g.19Cc8 0.2751 0.0259 0.0990
4337.4 4377.2 4417.8 4459.2 4501.4 1544 .3
0.0000 0.0012 0.0372 0.2437 0.1%00 3.0722
4301.0 4340.2 4380.1 4420.8 4462.2 4504 .4
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TABLE XVIII

Radiative lifetimes for atomic yttrium

State Energy Radiative Lifetimes (10‘95)
(cm']) (arc emission spectra)? (this work)
x 291/2 27,824 5.4 <14
x 293/2 28,140 5.7 <14
v %0, 24,131 10.0 <14
v %05, 24,747 12.4 <14
y ZFs/2 24,519 1.1 <14
v %5, 24,900 15.6 <14
y 291/2 24,699 18.2 17
y 2p3/2 24,481 21.7 18
2 ZFS/Z 21,529 132 43
2 2F7/2 21,915 185 82
2 %0, 16,146 769 180
2 %0, 16,066 11 190

4The radiative lifetimes in this column are estimated from emission
intensity measurements (C. H. Corliss and W. R. Bozman, Experimental 1

Transition Probabilities for Spectral Lines of Seventy Elements, NBS

Monograph No. 53, 1962). The radiative lifetime of a state m is

defined with the relationship Tm = E Anm where Anm is the radiative

transition probability to the state n lying below the state m.




Radiative lifetimes for atomic scandium

TABLE XIX

State Energy Radiative Lifetimes (10°75)
(cm’]) (arc emission spectra)? (this work)
y ¥ 25,585 4.08 <14
y %, 25,724 5.26 <14
y %04, 24,866 3.51 <14
y 205/2 25,014 4.59 <14
y 291/2 24,657 8.5 22
z ZFS/Z 21,033 923 1000
2 %, 21,086 1600 1200

%See Table XVIII.




TABLE XX

Relative values of the emission term of Eq. (A-3)

for the YC2 band system of Fig. 13

v 2oty )0y, POy
0 99.6
1 100.0
2 99.6
3 99.3
4 99.1
5 98.8
6 98.56
7 98.5




FIGURE CAPTIONS
Fig. 1. (a) Upper: LIF excitation spectrum for a singlet band system in
YC2 with T} = 22,787 em”',
(b) Lower: computer simulated spectrum for this band system.
Fig. 2. (a) Upper: LIF excitation spectrum for a singlet band system in
YCL with T} = 27,116 cn”! |
(b) Lower: computer simulated spectrum for this band system.
Fig. 3. Semilogarithmic plots of the decay of LIF from the (0,0) bands of
singlet system 1 (x = 4392 A, T} = 22,787 cm™') and singlet system 2
( = 3691 &, T, = 27,116 ™) of YC1.
Fig. 4. (a) Upper: LIF excitation spectrum for a singlet band system in
YBr with T, = 22,026 cn” .
(b) Lower: computer simulated spectrum for this band system.
Fig. 5. (a) Upper: LIF excitation spectrum for a singlet band system in
Y8r with T. = 26,006 cm™ .
(b) Lower: computer simulated spectrum for this band system.
Fig. 6. (a) Upper: LIF excitation spectrum for a singlet band system in
Y1 with T3 = 20,630 cn’ .
(b) Lower: computer simulated spectrum for this band system.
Fig. 7. (a) Upper: LIF excitation spectrum for a singlet band system in
YT with T} = 23,933 cn” .
(b) Lower: computer simulated spectrum for this band system.
Fig. 8. (a) Upper: LIF excitation spectrum for the cizt-x'z* band system
of YF with T_(c'c%) = 19,202.4 cn”.

(b) Lower: computer simulated spectrum for this band system.




Fig.

Fig.

Fig.

Fig.

10.

11.

12.

. 13,

(a) Upper: LIF excitation spectrum for ScBr. Two distinct singlet

band systems are evident. For system 1, Té = 23,459 cm'1; for

system 2, T! = 23,602 cm’ .

(b) Lower: computer simulated spectra for these band systems.
(a) Upper: LIF excitation spectrum for a singlet band system in
ScI with T) = 21,368 cn” .

(b) Lower: computer simulated spectrum for this band system.
(a) Upper: LIF excitation spectrum for a singlet band system in
Scl with T} = 22,284 cm’ .
(b) Lower: computer simulated spectrum for this band sys:em.
(a) Hypothetical vibrational line spectrum.

(b) An example of a rotational intensity distribution at the
resolution of the present experiments.

(c) Convoluted LIF intensity distribution.

Normalized excitation spectrum for the YC2 band system with

1

Té = 22,787 c¢cm . The designated wavelengths are used to illustrate

the data analysis procedure described in Appendix 8.
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IV. A CHEMICALLY PUMPED EXCIMER: REACTION OF PH; AND NZO*

An experimental investigation of the PH3/N,0 reaction system was
undertaken to assess its potential for development of a visible chemical
laser.

Reactions of mixtures of phosphine (PH;) and nitrous oxide (N,0) were
initiated by a fast electrical discharge. Photographic spectra were taken
of the chemiluminescent emission from 2300 to 9000 A. These high resolution
spectra show a continuum emission beginning at 3250 & and extending through-
out the visible spectrum. Relatively weak molecular emission bands from MPO,
PH,, and PO are superimposed on the strong continuum emission. Temporal
emission studies indicate that the chemiluminescent intensity increases as
the square of the reagent pressure. The emission was found to be relatively
insensitive to changes in reagent composition and to the presence of added
gases. The chemiluminescent intensities at the PH;3;:N,0 ratios of 20:80 and
70:30 were approximately 70% of that at the optimum ratio of 40:60.

A standard lamp allowed the high resolution spectra to be corrected
for film response. It also allowed an estimate to be made of the photon
yield of the reaction. The photon yield was found to increase linearly with
pressure up“to the highest pressure investigated, 666 Torr, where it had the
value 2x10-*.

Flashlamp absorption and intracavity dye laser spectroscopy measure-
ments yielded no absorption which could be associated with an emitter of the 1
continuum. The only absorption found was that which corresponded to the
molecular emission which is superimposed on the continuum. Sodium line
reversal studies indicated that the reaction emission is a true continuum
by showing a reversal of the D lines. The sodium D lines first appear in
emission superimposed on the continuum at low reagent pressures. As the
reagent pressure is increased, the reaction chemiluminescent intensity in-
creases as the square of the reagent pressure, while the sodium concentration
remains constant. The sodium atoms begin to absorb from the continuum and
finally at 560 Torr a line reversal takes place.

Cavity tests carried out on the reaction showed no lasing action.
Attempts to stimulate the chemiluminescent emission with a high power short
pulse ruby laser were unsuccessful. The technique of intracavity dye laser
spectroscopy, which is sensitive to both loss or gain, indicates that the
media is essentially transparent in the region investigated, 5300 to 6500 R.
That is, the loss or gain was determined to be less than 0.003%/cm.

The results of this study, and those of other investigators, strongly
suggest that the source of the continuum emission is the (PO?;* excimer

formed by the association between PO molecules and PO* metastable molecules.
The large bandwidth of the emission implies that the density of states in-
volved in the transition is high. Since the emitted intensity is partitioned
over a large number of states, the transition strength in any small wavelength
interval is very weak; thus the gain of the medium is too low to be a useful
laser. This hypothesis is consistent with the intracavity dye laser results
which indicated that the medium is transparent.

*A complete discussion of compieted research is presented in D. G. Harris'
Ph.D. Thesis, Cornell University, 1980.
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